Flow disturbances generated by individual patches of submerged, flexible aquatic vegetation were investigated for two naturally growing macrophyte species, Potamogeton crispus L. and Myriophyllum spicatum L., in a sandy lowland river. Through acoustic Doppler velocimetry, 24 vertical profiles of the 3D velocity field were recorded downstream of each of the patches. The morphological features and biomechanical properties of the plants were also evaluated. The experiments showed the relationship between biomechanical characteristics and turbulence statistics. M. spicatum, which was stiffer and therefore less prone to dynamic reconfiguration, showed a greater effect on velocity damping, causing an increase in Reynold stresses, turbulence intensities, and turbulent kinetic energy downstream of the patch. These effects were present in regions both above and below plant height. In contrast for P. crispus, these effects were present only below plant height. The stiffer plant produced a mixing layer in its wake similar to that of dense plant canopies. The patch of less stiff and more streamlined P. crispus with longer leaves presented a much weaker effect on the flow. In contrast to previous studies conducted with rigid plant surrogates, we concluded that reconfiguration of the living flexible plants allows the plants to minimize drag forces, and therefore, their influence on the flow field was weaker than the effects reported for rigid surrogates.
are expected downstream of finite patches of vegetation, and therefore, this wake region is one of the best positions to study flow instabilities (Siniscalchi, Nikora, & Aberle, 2012) .
Plant biomechanical properties, along with morphological characteristics, are among the main factors required to understand flow-plant interactions (Nikora, 2010) . Therefore, experiments with living specimens, which are flexible and have a complex, heterogeneous morphology with a pronounced porosity Łoboda, Przyborowski, Karpiński, Bialik, & Nikora, 2018) , are preferable to simulations with the more rigid, artificial plant surrogates used often in laboratory studies (e.g., Kubrak, Kubrak, & Rowiński, 2008; Zong & Nepf, 2012) . However, studies investigating the wake flows caused by complex aquatic vegetation under real field conditions remain limited. As a result, there is scarce information on how the findings obtained with plant surrogates can be extended to field conditions where the flow field is affected not only by the presence of the natural plants but also by the presence of other phenomena such as a moving bed.
A proper characterization of patch and plant morphology and plant flexibility is crucial for improving our understanding of the behaviour of natural plants in flow-biota interactions. The studies of Aberle and Järvelä (2013) and Tymiński and Kałuża (2012) stressed the importance of plant flexibility because the drag force caused by submerged vegetation increases with water velocity at different rates depending on plant rigidity (Sand-Jensen, 2003) . Stem diameter and the flexural rigidity of a submerged plant are two characteristics that influence the drag force of aquatic macrophytes, and the relation between these can be described by an empirical formula . Together, these factors impact plant reconfiguration and in turn contribute to flow instabilities downstream of the plant. That contribution has been evaluated for simple plant morphologies based on the flow blockage factor, defined as plant density multiplied by the patch diameter and the drag coefficient of the plants (Ortiz, Ashton, & Nepf, 2013) . The drag coefficient, C D , can be derived from drag force (Tanino & Nepf, 2008) , which can be obtained from experiments or from similarity numbers (Nikora, 2010) ; however, notable uncertainty remains for complex vegetation (e.g., Västilä & Järvelä, 2018) , and the calculation of parameters such as drag coefficient is very difficult given the spatial heterogeneity of the plant stand (Aberle & Järvelä, 2013) . Thus, a more general approach for evaluating the impact of single aquatic vegetation patches on the flow in natural conditions is needed, taking into account morphological and biomechanical characteristics.
The aim of this paper is to investigate the flow structure downstream from finite patches of two flexible macrophyte species under their natural growing conditions in a lowland, sand-bed river. The experiment was designed specifically to explore how species-specific biomechanical and morphological properties, such as the shape of leaves and flexural rigidity, impact turbulent flow structure and its disturbances, allowing comparison with previous work conducted with rigid artificial surrogates.
| MATERIALS AND METHODS

| Study sites and vegetation characteristics
Experiments were conducted on the Świder River (52°06′21.2″N 21°13′42.0″E) on July 12, 2017, using Potamogeton crispus L. and on August 4, 2017, using Myriophyllum spicatum L. The sediment was composed of a medium, poorly sorted sand, and no other plants were present. Velocimeters were mounted on a steel platform and oriented parallel to the flow. Each plant was collected from a nearby part of the river on the same day that the experiment was conducted and planted in the sand at the same chosen location, approximately 3 m from the right river bank. The discharge in the Świder River was stable and ranged from 1.1 to 1.2 m 3 s −1 throughout the experiment on July 12
and from 1.7 to 1.8 m 3 s −1 on August 4, which corresponded to water depths between 25 and 40 cm at the measurement location (due to the occurrence of moving sand dunes). During the measurements, the maximal change in the bottom elevation at a point downstream of a plant during 3 min of recording was approximately 0.04 m, although the total height of the passing dunes could be higher. The locally and temporarily changing bed elevation was taken into account by presenting the measurement height in the normalized form Z/H, where Z is the height above the riverbed, and H is the local water depth. Given the complex structure of the patches, the patch dimension ( Figure 2 ) was temporally averaged to take into account the dynamic motions exhibited by the plants. After the in situ measurements, the plants' biomechanical properties were studied in a laboratory to characterize the plants.
| Measurements of biomechanics
The biomechanical properties of P. crispus and M. spicatum were studied with three-point bending and tension tests conducted on a Tinius
Olsen Bench Top Testing Machine, 5ST Model (Tinius Olsen, Redhill, United Kingdom). In the three-point bending test, the following parameters were investigated: the maximum force, maximum stress, maximum deflection, flexural strain, flexural rigidity, and flexural mod- . The collected plants were transported to the laboratory and then stored in a 112-l circular flow through tank (details in . Prior to measurement, each stem was divided into 7 cm pieces, and the diameter of each sample was measured using a microscope or calliper. For tension tests, it was necessary to glue short strips of sandpaper to the ends of the specimen to prevent them from slipping out of the machine clamps . The stems were prepared one at the time to minimize exposure of the specimens to dry conditions.
| Measurements of flow fields
Instantaneous 3D velocity fields downstream of each plant were mea- Recorded points below thresholds of 15 dB and 70% were discarded and replaced using linear interpolation. Finally, the phase-space thresholding filter developed by Goring and Nikora (2002) and modified by Wahl (2003) and Parsheh, Sotiropoulos, and Porté-Agel (2010) was used with three iterations to remove and replace spikes.
Filtered data were used to calculate flow characteristics, namely, the mean velocity and turbulent kinetic energy (TKE):
turbulence intensities normalized by velocity magnitude:
and tangential Reynolds stresses:
u′v′; u′w′; v′w′;
where U, V, and W represent the time-averaged velocity and u' , v' , and w' represent the velocity fluctuation in the longitudinal, lateral, and vertical directions, respectively. The TKE and turbulence intensities were formulated as noise free using redundant information of two independent vertical velocity records and the transformation matrix available in VP to calculate noise variance for horizontal components (Hurther & Lemmin, 2001; Voulgaris & Trowbridge, 1998) . The flow field downstream of the macrophyte was complex, but no systematic differences were observed between Rows A and D (Nikora, Goring, McEwan, & Griffiths, 2001) . Therefore, to achieve a representative The power spectral densities were calculated using scripts implemented in MATLAB, that is, the Welch method with discrete Fourier transform points equal to 512. With a default Hamming window function and 50% overlap, example 3-min record consisting of 9,128 samples resulted in a power spectral density averaged from 15 segments (Welch, 1967) .
The data obtained from the VPs were of sufficient quality, particularly considering the complex field conditions: The correlation and signal-to-noise ratio filter replaced an average of 3.5% of all the recorded values, whereas the phase-space thresholding method filter corrected an average of 12.5%. Measurements, where the mean SNR was below 15 dB, were discarded entirely.
3 | RESULTS 3.1 | Biomechanical properties of the two macrophyte species M. spicatum had thicker stems than P. crispus. The mean diameters of samples used in the three-point bending and tension tests were 2.45 and 2.41 mm for M. spicatum and 1.97 and 1.65 mm for P. crispus (Tables 1 and 2 ). For bending traits, the maximum force and maximum deflection were similar for both species (Table 1) , while M. spicatum had higher flexural strain (Table 1) . M. spicatum was also characterized by higher flexural rigidity, 32.12 N mm 2 in comparison with 26.15 N mm 2 of P. crispus (Table 1) , and thus, along with the higher stiffness, M. spicatum had a lower flexural modulus, 17.99 MPa (Table 1) , which was 58% lower than that for P. crispus, that is, 42.56 MPa. The three-point bending tests showed that M. spicatum was characterized by a 1.5 times greater bending strength (maximum stress; Table 1 ). Moreover, the tension tests revealed similar results, and P. crispus had a lower tensile strength (breaking stress), equalling 1.43 MPa ( Table 2 ). The breaking force of M. spicatum was higher at 3.78 N, than that of P. crispus at 2.34 N ( Table 2 ). M. spicatum displayed a mean breaking strain of 14.70%, and P. crispus exhibited a mean breaking strain of 6.43% (Table 2 ). The differences in the moduli of elasticity were highly prominent; M. spicatum had a Young's modulus of 6.77 MPa, whereas P. crispus had a Young's modulus of 29.16 MPa ( Table 2 ). The remarkable differences between both plants were in the work of fracture values (Table 2 ). P. crispus was characterized by almost 10 times lower energy needed to break the stem than M. spicatum, it was 24.37 and 203.35 kJ m −3 for each species, respectively (Table 2) .
| Mean flow and turbulence downstream from the natural plant patches
The mean streamwise velocity in the region closest to P. crispus The absolute values of Reynolds stresses in all three planes u′v′ ; u′w′ ; v′w′ are shown using the same spatial averaging as for the turbulence intensities. The points directly behind P. crispus (Lines 3 and 4) above its main body showed, on average, the smallest values in comparison with outlying lines for all three stresses, although no such trend was observed below the main body of the plant (Figure 8a ,c,e).
The percentage values of the ratio between the middle and lower layer showed that at middle lines (Albayrak et al., 2012; ASTM, 2003; Biggs et al., 2016) , the stress values above the main body the plant were usually lower than those below the main body, but for outlying points (Lines 1 and 6), the opposite was found. Notably, for M. spicatum, the . The values of the u′w′ and v′w′ stresses directly downstream and above the main body of the plant were two times higher than those in outlying points (Figure 8d ,f).
The power spectral densities of fluctuating u' and w' velocities are shown for two heights, that is, above and below the main body of the plant for Lines 2 and 4 ( Figure 9 ) in Row A. Reference Line 2 was chosen because its normalized point height was similar to that of Line 4.
The calculated noise floor (Hurther & Lemmin, 2001 ) had a value of less than 6 × 10 −6 m 2 s −2 Hz −1 . At Line 2, the magnitude of energy was similar at both heights. The magnitude on Line 4 for the P. crispus energy of u' and w' within the main body of the plant (Z/H = 0.15) was an order of magnitude higher than that above it (Z/H = 0.45; Figure 9 a). For M. spicatum, the energy of u' and w' was equal below and above plant height (Figure 9b ).
| DISCUSSION
Our study is one of a few exploring the structure of the wake flow downstream of individual flexible aquatic plants under their natural 
| Flexibility-induced effects on plant behaviour
The flexibility and reconfiguration of the vegetation were expected to significantly affect wake flow compared with studies where plants were simulated with rigid cylinders (e.g., Ortiz et al., 2013) . For instance, Boothroyd, Hardy, Warburton, and Marjoribanks (2017) found that vertical compression of the plants and the decrease in their porosity with increasing velocity strengthen the vortices in the shear layer and lower the height of the wake region. Our study showed (2013) and Sukhodolova and Sukhodolov (2012) also showed that the flow can be deflected from the patch in the lateral and vertical directions depending on patch density.
Due to the low flexural rigidity and streamlined patch morphology ( Figure 1 ; Table 1 ), the drag coefficient of the investigated aquatic macrophytes was likely notably lower than that of flexible riparian plants (Boothroyd et al., 2017) or rigid cylinders (Ortiz et al., 2013) . The Young's modulus of the studied plants was more than 90% lower than that of the artificial elements used by Ghisalberti and Nepf (2006) . The extremely high flexibility enables these plants to exhibit dynamic reconfiguration in response to the flow field, which lessens the cross sectional area and exposed surface area, causing lower shear stresses than those experienced by rigid vegetation under the same forcing (Ghisalberti & Nepf, 2006) . Thus, the influence of flexible aquatic vegetation on turbulence characteristics can be difficult to distinguish under field conditions because flow structures from upstream penetrate a patch rather than being deflected as for a rigid obstacle (Ghisalberti & Nepf, 2002 .
For this reason, taking into account the facts that the plant dimensions and approaching flow velocity were comparable for both species, the differences in biomechanical properties and morphology between M. spicatum and P. crispus are expected to be the key features in explaining the measured disturbances in the flow fields downstream of the patches.
| Plant effects on mean velocities
The biomechanical tests showed that M. spicatum was more resistant to bending and was more durable to tension forces because its stems were thicker than those of P. crispus (Tables 1 and 2 ). The main differences between the plants were as follows: (Aberle & Järvelä, 2013) P. crispus had a densely packed internal stem structure, and the stems were prone to bending and had undulating and relatively large leaves Figure 1b,d) . We expect these differences led to the former plant being more prone to dynamic reconfiguration as the leaves created a large flow-blocking area. In contrast, the leaves of the latter plant likely had less of an effect on drag force, and the resulting stress had less of an influence on stem motions. Our results confirmed findings of Asaeda et al. (2017) who observed a zone of decreased velocity immediately downstream of the main body of P. crispus. However, similar irregularities in the velocity profiles of outlying lines might be a result of a flow separation above the crests of sand dunes (Sukhodolov et al., 2006) . Given the small area of the plant stand and that the passage of sand dunes was visible below the measurement points, the possibility that the results were biased by the sand dunes is unavoidable. A larger and denser patch would probably suppress such an effect. shorter wake region for P. crispus than for M. spicatum could be explained by the more flexible stems of the former (Table 1) . Therefore, the P. crispus patch preserved denser, more coherent structures moving harmonically with currents from upstream, which together with the influence of its leaves (Asaeda et al., 2017) 
| Plant effects on turbulence and mixing
The presence of flexible plant parts, such as leaves, weakens TKE magnitude and can result in increased sedimentation in the wake of the patch (e.g., Hu et al., 2018) . Cameron et al. (2013) and Hu et al. (2018) showed increased TKE values above the plant canopy height, which is in agreement with the present case. However, within the main body mass of P. crispus, the change was minimal, because of long leaves of that plant (Hu et al., 2018) . The highest measured TKE behind M. spicatum was 0.011 m 2 s −2
, almost half the maximal value observed for Ranunculus penicillatus by Biggs et al. (2016) . Furthermore, the ratio between TKE in the wake and in the shear layer on the patch edge (Lines 2-3 and 5) was the inverse of that observed by Biggs et al. (2016) , which could be because their patch was twice as long as those in this study (and much larger by biomass or volume), or it could be due to differences in leaf morphology that might influence plant reconfiguration capabilities.
The measured normalized turbulence intensities indicated that flow disturbances in the longitudinal direction were elevated directly downstream of the patch, just above the patch and around the top of the patch (Figure 7a,b) , proving that a mixing layer developed (Chen et al., 2013; . The same phenomena were observed for the lateral and vertical turbulence intensities in M. spicatum, as those values were higher than those outside the patch wake, similar to the findings of Biggs et al. (2016) . Zong and Nepf (2012) Consistent with the work of Ghisalberti and Nepf (2006) and Sukhodolova and Sukhodolov (2012) , the power spectral density indicated the presence of a mixing layer through higher energy of vertical velocity fluctuations in the wake of P. crispus (Figure 9a ). This phenomenon might be caused by the presence of small vortices generated by the boundary layer/flow separation of stem/leaf origin (Nikora, 2010) due to the specific shape of the leaves of P. crispus. In the case of M. spicatum, differences between the energy distribution in the points above and below the canopy level were of smaller magnitude compared with those in the free flow area of Line 2 (Figure 9b ). Noticeably, the spectra of u' in the frequencies between 2 and 9 Hz mostly opy. This result indicated that energy dispersion was inhibited because our observations showed that some of the flow disturbances were directed over the patch and did not accelerate at the edges. Similar behaviour was observed in the study of Liu, Hu, Lei, and Nepf (2017) with patch heights of Z/H = 0.21 and 0.36.
| CONCLUSIONS
In this paper, we report results for the wake flow downstream of individual patches of two aquatic plant species. The findings are valuable as one of the first insights into the influence of flexible living macrophytes on the patch-scale flow structure in their natural riverine habitat. Our observations indicate that the interspecies differences in measured turbulence in the wakes were mainly the combined result of the non-uniform spatial distribution of the patches, the varied leaf shape, the differences in stem rigidity, and the influence of the plant motions (Albayrak et al., 2012; Västilä & Järvelä, 2018) . Specifically, the results of biomechanical tests showed differences in the stem resistances to bending and tension, with the M. spicatum specimen being stiffer. Although both plants had comparable stem diameters, they 
